Here, we analyze upper extremity kinematics to quantify timing and coordination abnormalities during unimanual reach-to-grasp movements in individuals with childhood-onset unilateral wrist dystonia. Kinematics were measured during movements of both upper limbs in a patient group ( age years), and a typically developing control group ( age years). Hand aperture was computed to study the coordination of reach and grasp. Time-varying joint synergies within one upper limb were calculated using a novel technique based on principal component analysis to study intra-limb coordination. In the non-dominant arm, results indicate reduced coordination between reach and grasp in patients who could not lift the grasped object compared to those who could lift it. Lifters exhibit incoordination in distal upper extremity joints later in the movement and non-lifters lacked coordination throughout the movement and in the whole upper limb. The amount of atypical coordination correlates with dystonia severity in patients. Reduced coordination during movement may reflect deficits in the execution of simultaneous movements, motor planning, or muscle activation. Rehabilitation efforts can focus on particular time points when kinematic patterns deviate abnormally to improve functional reaching in individuals with childhood-onset dystonia.
grows into a highly stereotyped movement by adulthood [6] , [7] . Control and coordination of the reach-to-grasp movement involves multiple neural structures, including various cortical areas, basal ganglia, cerebellum, brainstem, and spinal cord. Consequently, injury to any of these areas or their networks can have detrimental effects on coordinated movement.
One debilitating movement disorder that can occur after childhood brain injury is dystonia. Dystonia is characterized by involuntary sustained or intermittent muscle contractions that cause twisting and repetitive movements, abnormal postures, or both [8] . The vast majority of patients with dystonia acquired before the age of two years are diagnosed as also having cerebral palsy. Although there can be some recovery and reorganization in the motor system after early brain injury [9] , [10] , persisting impairments of arm and hand control are common in individuals with childhood-onset dystonia. The loss of the ability to reach and grasp efficiently can lead to functional deficits in daily tasks of self-care, including personal hygiene and grooming, dressing and undressing, and feeding. Focused rehabilitation programs are required to improve reach and grasp function in this population. Yet it is unclear which aspects of the reach-to-grasp movement to train.
Muscle activation patterns in children with dystonia have been shown to be less coordinated than in typically developing children, with excessive antagonist muscle activation [11] in addition to overflow of activation to non-essential muscles [12] . This lack of focused muscle activation leads to the disordered movement typical of dystonia. Accordingly, previous kinematic studies incorporating children with dystonia have demonstrated increased variability in arm movements [4] , [13] , increased duration of reaching [12] and grasping [4] , and increased movements of the head and trunk during reaching [4] compared with controls. However, it is not known whether the timing and coordination of kinematic trajectories between different degrees of freedom during movement is preserved in the disorder.
The objective of this study was to quantify abnormalities of the reach-to-grasp movement in individuals with unilateral dystonia to better understand how it affects the timing and coordination of multiple degrees of freedom during movement, and correlate the results with dystonia severity. Current methods to summarize upper extremity kinematics compare single joint trajectories from patients to those from non-impaired groups [14] [15] [16] but do not account for temporal coupling between multiple upper extremity joints. Since functional reaching depends on concurrent movement of many joints rather than isolated joint movement, we sought to use an analytical method that would consider all degrees of freedom during reaching together in one analysis. In this study, we investigated the timing and magnitude of hand opening during reach, and introduced a novel method of analysis to study abnormalities in time-varying kinematic synergies between 7 degrees of freedom within one upper limb during reach. We hypothesized that there is an abnormality of temporal coupling in movement associated with dystonia leading to a lack of coordination between reach and grasp, and also between upper extremity degrees of freedom during reach. Identifying specific points in time during functional reach that are particularly uncoordinated can further knowledge of the causes of disordered movement in dystonia as well as suggest targets for physical therapy.
II. MATERIAL AND METHODS

A. Participants
Twenty children and young adults participated in this study. Subject characteristics are provided in Table I. Eleven participants ( years, three female, two right-handed) were included in the dystonia group (DYS) based on the presence of dystonia in one wrist starting before the age of 13 years, assessed by K. E. Alter using the Hypertonia Assessment Tool [17] . All participants in the DYS group were diagnosed with hemiplegic cerebral palsy (CP) by their physiatrist or neurologist prior to enrollment in the study. Eight participants in the DYS group (indicated in Table I ) also had concurrent spasticity in their non-dominant, or more affected arm. The dominant arm of the individuals in the DYS group was considered to be the arm less affected by the neurological injury. Nine participants ( years, eight female, eight right-handed) were included in the typically developing group (TD) for comparison based on the absence of any neurological findings on examination by K. E. Alter. All subjects were in good general health and could understand and follow all instructions.
Adult participants and parents of participating children provided written informed consent before testing. Participating children also provided written informed assent. All procedures were approved by the National Institutes of Health Institutional Review Board and adhered to the ethical guidelines of the Declaration of Helsinki. This study was a part of a larger study including electroencephalography [18] , electromyography, sensory testing [19] , posturography, magnetic resonance brain imaging, and transcranial magnetic stimulation.
B. Equipment
The three-dimensional motion of reflective markers on the upper extremity and trunk was captured using a 10-camera Vicon MX40 system (Vicon Motion Systems, Oxford, U.K.) at a rate of 120 Hz. All markers are depicted in Fig. 1 . Visual3D software (C-Motion, Inc., Germantown, MD, USA) was used to compute joint angles from marker locations. Marker placement and joint coordinate system definitions were based on recommendations of the International Society of Biomechanics [20] , with an adaptation for the shoulder joint. In the absence of markers on the clavicle and the scapula, the shoulder joint angles were considered to originate at the glenohumeral joint, which was estimated based on motion recordings of the arm passively moved by an investigator in extension/flexion, abduction/adduction, and circumduction [21] .
C. Reach-to-Grasp Task
Participants were seated comfortably with their feet on the ground or a stool so the hips and knees were flexed at 90 and the ankles were dorsiflexed at 90 . Shoulder straps were used to limit trunk motion during reaching tasks and isolate upper extremity kinematics. A cylindrical rod (height in; diameter in) was placed in a 1/2 inch well on a table at elbow height (considered when the shoulder was at 0 flexion and abduction) at midline and just short of full arm extension. A reflective marker was placed on top of the rod to track its movement.
Each task trial began with the subject's hands placed on the lap. After hearing a bell, the subject reached towards the rod with one hand, grasped the rod, and lifted it. Once the rod was lifted, the subject replaced the rod in the well and returned to the starting position with the hands on the lap. Five trials were attempted for each hand starting with the dominant hand.
D. Analyses
The main kinematic outcomes included shoulder flexion/extension, shoulder abduction/adduction, shoulder internal/external rotation, elbow flexion/extension, forearm pronation/supination, wrist flexion/extension, wrist ulnar/radial deviation, and hand aperture trajectories. Hand aperture was measured as the distance between the marker on the first digit (thumb) nail bed and the marker on the second digit (index finger) which represented the functional tip of the second finger. In some cases in the DYS group, the functional fingertip was not the nail bed, but the proximal interphalangeal joint of the second finger.
For each trial, the timing of three events (start of reach, hand-rod contact time, and rod lift-off time) was noted. The start of reach was the time when the magnitude of the velocity of the marker at the base of the hand exceeded 0.05 m/s. Hand-rod contact time was the time when the minimum of the magnitude of the velocity of the hand marker occurred. If any subject exhibited multiple local minima in hand velocity during reaching, the minimum occurring when the hand was nearest the rod was considered. Lift-off time was the time when the distance along the vertical axis of the marker on the rod exceeded 5 mm. Video recordings of all trials were assessed visually to verify the appropriateness of the three events.
The reach-to-grasp movement was considered to begin at the start of reach and end at hand-rod contact time. The Independent-samples t-test was used to compare reach times between groups for each arm separately. All statistical tests were performed using SPSS Version 21 software (IBM Corporation, Armonk, NY, USA) with a significance level of 0.05. If subjects were unable to lift the rod at all due to deficits in motor control, they were characterized as "non-lifters". Otherwise, if there was a finite lift-off time, subjects were characterized as "lifters". The participants' ability or inability to lift the rod with their non-dominant hand is in Table I . Although non-lifters were unable to lift the rod, they were able to open and close the hand to grasp small objects.
1) Coordination of Hand Shaping With Functional Reach:
The time to maximum hand aperture during the reach-to-grasp movement and the endpoint hand aperture (hand aperture at hand-rod contact time) were determined for each trial. The mean values over all the trials for each subject and each hand were computed. The mean values were compared across subject groups for each hand separately using the Kruskal-Wallis one-way analysis of variance if there were three subject groups (TD, DYSlifters, DYSnon-lifters) for that hand, and using the Mann-Whitney U-test if there were two subject groups (TD, DYS).
2) Intra-Limb Coordination During Functional Reach:
Temporal coordination between the 7 degrees of freedom of the upper extremity (shoulder flexion/extension, shoulder abduction/adduction, shoulder internal/external rotation, elbow flexion/extension, forearm pronation/supination, wrist flexion/extension, and wrist ulnar/radial deviation) was computed using principal component analysis (PCA). PCA is a method to represent data in which the correlated degrees of freedom in the original data set are transformed so they can be represented by linearly uncorrelated variables, or principal components [22] . The principal components do not signify joint coordinates, but carry the same information as the original data set in an alternate form that specifies the relative contributions of the original degrees of freedom to different aspects of the movement. The first principal component accounts for the largest fraction of the total variance in the original data, and each component thereafter adds subsequently less. By looking at only the first few principal components that together account for more than 80% of the total variance, prominent features of the kinematic data can be summarized. When this is done across small increments of time throughout the reach-to-grasp movement, a time-varying summary of coordinated kinematics can be achieved. This method does not specify how movement is coordinated neurophysiologically, but rather how the kinematic outcome is coordinated between the different degrees of freedom. As such, coordination in the context of this study is defined as the temporal organization of multiple kinematic trajectories. In order to use this general method to summarize typical kinematic data during the reach-to-grasp movement and determine how atypical movement diverges from typical movement, the following steps were followed. a) Data Normalization: Kinematic data from the 7 degrees of freedom of the upper extremity were normalized in time and amplitude. Time normalization was accomplished by resampling all kinematic data so 100 points were spaced evenly between the start time and the time of rod contact. Points were labeled from 0 (movement start) to 1 (rod contact) in increments of 0.01 normalized time units. Amplitude normalization was achieved by first subtracting the minimum value in each trajectory from that trajectory to reduce variability due to differences in initial postures between subjects. Next, data were divided by the largest range of joint angles observed over all subjects and all degrees of freedom during reach. This method preserved relative differences between axes (e.g., wrist ulnar/radial deviation range was typically smaller than shoulder extension/flexion range and would remain proportionally smaller after normalization) and relative differences between subjects (e.g., reduced wrist extension range in a patient would remain proportionally smaller than the typical wrist extension range after normalization). By normalizing the amplitude in this way, minor variations in axes with small ranges of motion would not be overstated.
b) Creating the "Typical Movement" Filter Using PCA: PCA was applied at each 1% of reach time to the 7 degrees of freedom on all the data from the dominant reach of the TD group (five trials for each of the nine TD subjects resulting in 45 individual trials in total) to describe typical movement. Data from the dominant hand of the TD group was used since the task in this group represents stable movement patterns learned and practiced in the absence of neurological injury. Three principal components were sufficient to account for a substantial amount of the total variance in the kinematic data (mean and standard deviation over all 1% time intervals of the % %). Therefore, the first three principal components were used to summarize the typical movement pattern. The matrix representing the transformation from the original 7-dimensional kinematic data to the 3-dimensional principal component subspace including only the first three principal components (7 3 matrix with seven rows and three columns) was then used as a typical movement filter for all data. This was done to assess the extent to which movement trajectories conformed to typical movement patterns. One hundred 7 3 typical movement filters were computed (one for each 1% of the movement time) to allow for varying coordination patterns over time. The "princomp" function in Matlab (MathWorks, Natick, MA, USA) was used for PCA analysis. Of note within the "princomp" function is a preliminary step to center the data, or subtract the mean from each degree of freedom, prior to computing the principal components.
c) Applying the "Typical Movement" Filter to All Data: Two transformations were applied to process the data. First, data at each 1% of the reach from the dominant and non-dominant arms of all participants were transformed into the 3-dimensional typical movement space computed from the dominant arm data of the TD group (see step 2b). This transformation was done using data from all trials within one subject group for each arm separately. Prior to this initial transformation into the typical movement space, the mean across trials for each degree of freedom was subtracted from the data, since the typical movement filter was based on centered data. Second, these filtered data were projected back into the 7-dimensional kinematic space using the 3 7 transpose of the typical movement filter. In order to compare filtered data to original trajectories, the mean of each degree of freedom was added back to the filtered data. These two transformations are described by the following equations, where is the original centered data with trials and 7 degrees of freedom; is the 7 3 typical movement filter; is the filtered data represented in the 3-dimensional typical movement space; is the 3 7 transpose of the typical movement filter;
is the filtered data represented in the 7-dimensional joint space prior to adding back the mean of each degree of freedom
d) Computing Error Between Original and Filtered Data:
Errors at each 1% of the reach were computed by subtracting filtered trajectories from original trajectories for all degrees of freedom. These error values signified to what extent the movement pattern diverged from the typical movement pattern. Since only the first three principal components of the TD data were used in the typical movement filter, non-zero errors were observed not only in the non-dominant reach of the TD group and all movements in the DYS group, but also in the dominant reach of the TD group. A threshold error value was computed as the mean plus three standard deviations of the error in the dominant hands of the TD group at each 1% of the reach. If any subject had a mean error over all trials outside of this threshold, their movement was considered atypical at that point in time. This allowed analysis of the timing of abnormalities in movement kinematics in individual participants.
In summary, our kinematic analysis method quantified the extent to which the multiple degrees of freedom in individual reach-to-grasp trials conformed to the time-varying principal component space defined by movement of the dominant arm in the TD group. Since this typical movement space was based on multiple trials from multiple TD subjects, it did not necessarily describe the intra-limb coordination of any one individual, and did not allow for comparison between individuals in each subject group. Rather, it provided a more general summary of dominant arm movement in the entire TD group, against which movement trials of individuals could be compared. Large variability (between-and within-subjects) in the original kinematic trajectories of the TD group at a particular time point would manifest as large variability in the error between the original and filtered TD dominant arm data at that time point. Large error variability would in turn increase the threshold error value that was used to assess the presence of kinematic abnormalities at that time point in individual trials of the non-dominant arm and the DYS group. By this method, judgment of temporal abnormalities was most lenient at time points in which TD subjects exhibited high variability across trials and individuals.
In addition, a global score (atypical kinematics score) was derived for each individual to summarize deviations from the typical movement pattern by computing the proportion of abnormalities over each point in time, each degree of freedom, and each trial. This global score is 0 in the absence of any abnormalities, and 1 when the entire set of joint trajectories is abnormal for all trials. The atypical kinematic scores were compared across subject groups for each hand separately using the Kruskal-Wallis one-way analysis of variance if there were three subject groups (TD, DYSlifters, DYSnon-lifters) for that hand, and using the Mann-Whitney U-test if there were two subject groups (TD, DYS). The global atypical kinematic scores were also correlated (Spearman's rank correlation coefficient) with the arm sub-score of the Burke-Fahn-Marsden dystonia rating scale in the DYS group to explore the relation between dystonia severity and global deficits in functional reaching.
e) Ten-Fold Cross-Validation of Method: Since typical movement patterns were estimated based on one set of data (kinematics of dominant hand reaching in the TD group), there is a risk that the typical movement filter was biased to the particular subjects and trials analyzed. This problem was addressed using cross-validation, which is a computational tool that allows analysis of how well a model created with one set of data (training set) generalizes to another set of data (validation set).
To apply this method to our data set, the order of the 45 trials used to create the typical movement filter (in step 2b) was first randomized to avoid clusters of trials by an individual subject and then split into 10 groups (five groups with five trials and five groups with four trials). For each of the 10 analyses, nine groups (training set) were used to compute a typical movement filter. Data from the remaining group (validation set) were then processed as in steps 2c-2d above. The percentage of atypical kinematics over every 1% of the reach for every degree of freedom and every trial in the validation set was computed. The mean percentage of atypical kinematics for all 10 analyses was 0.59% ( % to 3.98%). This low percentage of errors in the cross-validation procedure argues against substantial bias in the typical movement filter and supports its use in this study.
III. RESULTS
A. General Results
All subjects were able to complete the reach-to-grasp task. However, some trials in the DYS group were discarded from analysis due to marker occlusion during movement, which prevents computation of joint angle trajectories. Reach-to-grasp movement times of a subset of participants from this study (DYS subjects 1, 2, 3, 4, 5, 7, and 8 and all TD subjects) have been presented elsewhere [19] . In the full group of subjects in the DYS group presented in this paper, movement times ( deviation) were longer in the DYS group ( s) compared to the TD group ( s) on the non-dominant arm and similar between groups on the dominant arm s; s).
B. Coordination of Hand Shaping With Functional Reach
Hand aperture trajectories are shown in Fig. 2 for the dominant (a) and non-dominant (b) hand. Group data for the TD group are represented by the gray shaded areas, and mean trajectories for individuals in the DYS group are shown by solid (lifters) or dashed (non-lifters) lines. Hand opening during reach was stereotyped in the TD group for both hands. However, the DYS group displayed a less consistent pattern in both hands. The DYS hand aperture pattern was especially variable in the non-dominant hand where non-lifters were unable to modulate their hand opening during reach. The time during reach of the maximum hand aperture is shown in Fig. 3 for the dominant hand (a) and the non-dominant hand (b). Despite the apparent variability in the hand aperture traces in Fig. 2 , the median times of the maximum hand aperture is statistically similar between groups for the dominant hand and the non-dominant hand . Endpoint hand aperture, which is the hand aperture at the hand-rod contact time, is shown in Fig. 3 for the dominant hand (c) and the non-dominant hand (d). There was no group difference on the dominant hand , but there was a group difference on the non-dominant hand . Pairwise comparisons indicated a significantly smaller endpoint hand aperture in the nonlifters (mean ) compared to the lifters (mean ) in the DYS group. 
C. Intra-Limb Coordination During Functional Reach
Trajectories of the 7 degrees of freedom in the upper extremity are shown in Fig. 4 for the dominant and non-dominant sides. As in Fig. 2 , group data are shown for the TD group by the gray shaded areas, and mean trajectories for individuals in the DYS group are shown by solid (lifters) or dashed (non-lifters) lines. These data are the original kinematic trajectories prior to application of the typical movement filter. The trajectories in the DYS group generally appear similar to those of the TD group for the dominant arm. However, substantial deviations are evident on the non-dominant side. Qualitatively, the non-dominant arm trajectories of the non-lifters deviate from the TD group to a larger extent than those of the lifters. Fig. 5 shows the percentage of subjects in each group with atypical kinematics at every 1% of the reach movement for the dominant (a) and non-dominant (b) arms. These data represent the error between the original kinematics and the data processed (through the typical movement filter) and projected back into the 7-dimenstional kinematic space. There are no errors in the TD group on the dominant side since this data set was used to create the typical movement filter. On the other hand, there are some distributed abnormalities in the DYS group, the most prominent of which are in wrist flexion/extension and elbow flexion/extension around 70 % of the reach time. There are minor abnormalities on the non-dominant side of the TD group, mostly in the first 20 % of the movement, which may indicate variability in initial hand position. The most apparent temporal abnormalities are in the non-dominant arm movements in the DYS group. A substantial percentage of lifters displays kinematic deviations from the typical pattern between 60%-80% of the reach in the distal degrees of freedom (elbow, forearm, and wrist). There are kinematic deviations in a considerable number of non-lifters throughout the whole movement and across all degrees of freedom. Fig. 6 presents the global atypical kinematics score for each group from the dominant (a) and non-dominant (b) arm movements. The atypical kinematics scores of the dominant arm movements in the DYS group were larger than those in the TD group ( ). On the non-dominant side, there was a significant group effect such that the scores for the lifters and non-lifters were larger than the TD group . There was a strong positive correlation between the atypical kinematics score and the arm sub-score of the Burke-Fahn-Marsden dystonia rating scale indicating that greater kinematic abnormalities were associated with greater severity of dystonia. 
IV. DISCUSSION
Our results indicate abnormalities of timing and coordination during functional arm movements in individuals with childhood-onset dystonia affecting the upper extremity. Deviations in intra-limb coordination were most obvious in the non-dominant arm and in non-lifters, and may be due both to involuntary muscle contractions and loss of selective motor control related to dystonia. Although the median timing of hand opening during reach was similar between subject groups, higher variability of that outcome and smaller hand aperture at object contact differentiated the non-lifters in the DYS group from all other participants.
Typically, in visually-guided voluntary reach-to-grasp movements, hand opening occurs simultaneously with reaching such that the hand is at its maximum aperture at approximately 75% of the total reach time [7] , which is close to what was measured in the TD group. The stereotypical nature of the reachto-grasp movement has been hypothesized to indicate simultaneous temporal planning of proximal (reach) and distal (grasp) movements [7] , [23] as well as motor planning to reduce spatial endpoint errors [24] , [25] . The abnormalities of hand aperture among non-lifters with childhood-onset dystonia in this study may therefore indicate difficulty integrating reaching and grasping in parallel, and/or an abnormality of position control.
Although the majority of reaching trials exhibit smooth gradual hand opening that peaks near 75% of the reach time, other hand opening trajectories have been demonstrated in healthy adults [26] . These include a "bumpy" pattern (25.5% of trials) characterized by multiple bursts of hand opening and corresponding zero-crossings of the aperture velocity profile, and a "plateau" pattern (12.8% of trials) where the maximum aperture is reached early in the reach and maintained until hand closure near the end of the trial. The hand opening trajectories from the non-dominant arm of the patients in our study [ Fig. 2(b) ] similarly indicate multiple patterns of hand opening that do not fit the standard model. It is conceivable that motor challenges associated with the reach-to-grasp task, especially in the group of non-lifters, may uncover some of the less common hand opening patterns in patients. Instances of delayed opening as well as plateaus in opening are clearly visible in the patients' non-dominant aperture trajectories. Both of these patterns suggest sequential rather than parallel execution of reach and grasp; in the delayed opening case, reach occurs before hand opening, and in the plateau case, hand opening occurs before reaching. A similar deficit of reach-grasp integration has been shown before in patients with cerebellar damage [27] . Alternatively, the variability in the timing of maximum hand aperture for non-lifters may have been due to an inability to control hand opening at all. This is suggested by the relatively flat hand aperture trajectories and small endpoint apertures of the non-lifters in the dashed hand trajectories of Fig. 2(b) , which may have contributed to their inability to lift.
The methods developed and used in this study to assess intra-limb coordination were able to distinguish patients from controls as well as the two functional groups of patients. Lifters in the DYS group exhibit deviations from the normal kinematic pattern in the distal upper extremity during the latter half of the reaching movement, especially between 50%-80% of the reach time (Fig. 5) . The presence of distal abnormalities is expected since all patients had dystonia in the wrist, and provides a confirmation that this analytical method is indeed sensitive to the disorder being studied. Non-lifters in the DYS group deviate from the normal kinematic pattern throughout the reaching movement and in both proximal and distal parts of the upper limb. The unique temporal information provided by this analysis draws attention to the particular times during functional reaching that may require adjustments. Physical and occupational therapy may therefore benefit from a focus on distal movements (forearm and wrist) in the second half of a functional reach. In addition, proximal arm movement may be an important rehabilitation target to improve functional reach in non-lifters. Although atypical kinematics are only presented at the group level in this paper, single subject data can also be compared to normal kinematic patterns during a particular movement. The feasibility and utility of this type of customized assessment of kinematic synergies remains to be tested in future studies.
In addition to the expected deficits in the non-dominant arm, there are milder but noticeable deviations in the dominant, or less affected, arm as well. Since motor control and BFM scores of the dominant arm were generally normal in this subject group, this result suggests there may be a global deficit in motor planning that affects both hands. Similarly, deficits in the dominant arm have been noted in kinematic studies of children with hemiplegia, and interpreted to indicate impaired motor planning [28] .
The global atypical kinematics score provides a summary of how much each subject deviated from the normal reach-to-grasp pattern. While this summary score does not provide the detailed temporal information of the time-varying pattern analysis, it describes the general quality of the movement and correlates well with dystonia severity. As such, the atypical kinematics score could be useful to document functional reach ability in patients, much in the same way that the Gait Profile Score (GPS) [29] and Arm Profile Score (APS) [15] were created to summarize gait and arm movement. Although the APS and the atypical kinematics score presented here both aim to summarize arm movement quality, the methods are fundamentally different. In the APS, each degree of freedom for a patient is assessed separately by comparing it to the average for that degree of freedom in a TD group. The method presented here is unique in that divergence from a time-varying pattern across all degrees of freedom is quantified. Consequently, at a basic level, the atypical kinematics score is a comprehensive measure of incoordination, and the APS measures deviations in individual joint axes.
From these data and analysis methods it is not clear to what extent the abnormalities quantified are due to primary deficits in motor control and planning or compensatory effects. In another study analyzing reaching movements of children with hemiplegic CP, abnormalities in proximal joint kinematics during a reach-to-grasp movement were larger than in a reach-to-hit movement that required less distal upper extremity control [30] . Also, treatment of distal muscle impairments with injection of botulium toxin or surgery was shown to improve proximal muscle control during functional tasks [31] . This influential effect of distal arm activity on proximal arm activity suggests that the act of grasping in our study may have caused compensatory proximal muscle activity. Similarly, the early variability associated with differences in initial positions may have triggered abnormalities later in the movement. This may be addressed in the future by standardizing the initial position. Another limitation of the analysis methods used is that abnormalities found in the kinematic synergies are not signed, so in order to know the direction of error (e.g., excess wrist flexion or extension) the unfiltered trajectory (e.g., wrist flexion/extension angle) would have to be checked at the particular time of the abnormality. Finally, this analysis assumes that the typical movement pattern is an important goal or useful comparison for patients. Although achievement of functional goals may be more important than the particular kinematic trajectories used, this analysis allows the identification of when patterns deviate and may be a useful starting point for the training of faster and more efficient functional movements.
All patients were included in our study on the basis of unilateral wrist dystonia acquired during childhood. However, some patients had concurrent spasticity as well as dystonia in other joints, which could also partially contribute to the kinematic abnormalities observed. Further work will be required to determine temporal kinematic features that are specific to dystonia. Nonetheless, the correlation of the BFM arm sub-score and the global atypical kinematics score indicate that the kinematic abnormalities observed were related to dystonia. In future work, the analysis methods presented in this study could also be used to identify timing abnormalities in individuals with other disorders affecting upper extremity movement.
